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Introduction
Heparan sulphate (glucosamine) 3-O-sulphotransferase 2 (HS3ST2, also known as 3OST2) is an enzyme predominantly expressed in brain (Shworak et al., 1999; Yabe et al., 2005) , where it generates rare 3-O-sulphated domains of still unrevealed physiological roles in heparan sulphates (Lawrence et al., 2007; Mochizuki et al., 2008; Thacker et al., 2014) . During adulthood, HS3ST2 is expressed in brainstem, trigeminal ganglia (Lawrence et al., 2007) , cerebral cortex (Mochizuki et al., 2008) and hippocampus (Huynh et al., 2012) , brain regions vulnerable to tau pathology in Alzheimer's disease (Wenk, 2003; Braak and Del Tredici, 2012) . In contrast, it is almost absent in cerebellum (Lawrence et al., 2007; Mochizuki et al., 2008; Thacker et al., 2014) , a brain region of low disease vulnerability (Wu et al., 2005) . Under physiological conditions heparan sulphates are typically located at the cell surface (Kreuger and Kjellén, 2012) , whereas in Alzheimer's disease they accumulate at the intracellular level long before the detection of the tau pathology (Snow et al., 1990) and colocalize with neurofibrillary tangles when the pathology is detected (Snow et al., 1990; Goedert et al., 1996; Hernandez et al., 2002) . This suggests the implication of heparan sulphates in the pathophysiological mechanisms leading to tauopathy. The abnormal hyperphosphorylation of the microtubule-associated protein tau is a critical event characterizing both sporadic and inherited tauopathies (Iqbal et al. 2010; Wang et al., 2013) , including Alzheimer's disease, Pick's disease, progressive supranuclear palsy, corticobasal degeneration, frontotemporal dementia with parkinsonism linked to chromosome-17 and related disorders (Williams, 2006; Spillantini and Goedert, 2013) . Interestingly, the abnormal phosphorylation of tau in the disease brain is assumed to be mediated by the same kinases that phosphorylate tau in normal brain (Hashiguchi and Hashiguchi, 2013; Wang et al., 2013) ; however, in vitro, these kinases can only induce the abnormal phosphorylation of tau at disease-specific sites only if the enzymatic reaction takes place in the presence of polyanions such as heparin (Hasegawa et al., 1997; Zheng-Fischhofer et al., 1998; Paudel and Li, 1999; Sibille et al., 2006) . Because heparin is a heparan sulphate analogue carrying high levels of 3-O-sulphation in the sugar backbone (Kreuger and Kjellén, 2012; Shriver et al., 2012) , this raises the question whether 3-O-sulphated heparan sulphates, products of neuronal 3-O-sulphotransferases, are involved in the molecular and cellular mechanisms leading to the abnormal phosphorylation of tau. Here, we used biochemical, cellular, and animal strategies to investigate the implication of HS3ST2 in the molecular and cellular mechanisms leading to the abnormal phosphorylation of both wild-type tau and of tau carrying the mutation P301L (hTau P301L ) responsible of FTDP-17 (Alonso Adel et al., 2004; Williams, 2006) . We show that the chemical inhibition of heparan sulphate sulphation, or the downregulation of HS3ST2 expression in cells, strongly avoids the hyperphosphorylation of tau induced by oxidative stress or by the hTau P301L mutation, and that inhibiting the expression of hs3st2 in a FTDP-17 zebrafish model of tauopathy (Paquet et al., 2009 ) avoids the abnormal phosphorylation of tau at several Alzheimer's disease-related epitopes resulting in tauopathy arrest and animal functional recovery.
Materials and methods

Human tissues
Human hippocampus samples were obtained from the Aging and Neurodegenerative Diseases Brain Bank Investigation Laboratory of the Universidade Federal de Sã o Paulo, Brazil. Protocols were approved by the local ethics committee (No.285/04). Two experimental groups were included in the study ( Supplementary Table 1 ), a control group (n = 8) and an Alzheimer's disease group (n = 8) with subjects' ages ranging from 60 to 98 years old with a mean age of 73.4 AE 10.7 years. Post-mortem intervals averaged 14 h 59 min AE 5 h 41 min. Neuropathological changes in brains were investigated using Braak and Braak and Consortium to Establish a Registry for Alzheimer's Disease (CERAD) guidelines. Senile plaques and neurofibrillary tangles were determined on Bielschowskystained sections of middle frontal gyrus, middle temporal gyrus, inferior parietal lobule, occipital pole, hippocampal CA1 and enthorinal cortex. Senile plaques were counted using a Â 10 objective and neurofibrillary tangles were counted with a Â 20 objective. An arithmetic mean (mean AE standard error of the mean) was calculated from the counts of six fields for senile plaques by mm 2 and neurofibrillary tangles by mm 2 for each region. Neuropathological diagnosis was then made using the guidelines proposed by Braak and Braak criteria ( Supplementary Table 1 ). Brain samples were powdered in liquid nitrogen and stored at À 80 C until use.
Quantitative polymerase chain reaction
Total RNA was extracted from frozen hippocampus CA1 samples as described (Huynh et al., 2012) . The amount of RNA in the extracts was measured spectrophotometrically at 260 and 280 nm. The quality of RNA was confirmed suitable determined by gel electrophoresis. RNA quality was additionally confirmed by RIN (RNA integrity number) determination (Schroeder et al., 2006) obtained by the 'Standardization of RNA Quality Control Protocol' in a 2100 Bioanalyzer (Agilent). RIN average was 47.0 for all samples. Extracted RNA was used to synthesize cDNA using reverse transcriptase as previously reported (Huynh et al., 2012) . Genes of interest were analysed in template cDNA by quantitative real-time PCR using primers (Eurofins) designed by the Primer3output program. PCR was performed according to the LightCycler Õ FastStart DNA Master SYBR Õ Green kit manufacturer's instructions (Roche). Relative gene expression quantification was performed using the comparative ÁÁCT method (Schefe et al., 2006) . Two reference genes (TUBA1A and TBP) were used as endogenous controls. Normalization of gene expression was accomplished with the Genorm program (Vandesompele et al., 2002) .
Cells models of tauopathy
SH-SY5Y and SH-SY5Y/hTau P301L (SH/hTau P301L ) cells (a gift from J. Gotz, Zü rich, Switzerland) were maintained and cultured as previously described (Ferrari et al., 2003) . Briefly, SH-SY5Y cells were grown in DMEM-GlutaMAX TM (Invitrogen) supplemented with 10% foetal bovine serum (Invitrogen) and 1% penicillin/streptomycin (Invitrogen). For SH-SY5Y/ hTau P301L cells, 300 mg/ml geneticin (Invitrogen) and pyruvate were added to the medium. For all experiments, cells were differentiated 24 h after plating by treatment with 10 mM alltrans-retinoic acid (Sigma) in complete growth medium for 7 days. Media were changed every 2 days. For oxidative stress studies, differentiated SH-SY5Y cells were treated with H 2 O 2 (500 mM final concentration in medium) for 30 min as previously described (Zhang et al., 2013) . In assays involving NaClO 3 (Keller et al., 2008) , the salt was added to cell cultures (25, 50 or 75 mM final concentration) at the third or fifth day of differentiation, as indicated, and maintained until the end of the experiment. For enzymatic treatments, differentiated cells were treated either with a heparitinase mix containing heparitinase I (2 U/ml), heparitinase II (0.2 U/ml), and heparitinase III (0.2 U/ml) (all from Sigma), or with chondroitinase ABC (0.1 U/ml) (Sigma) and incubated at 37 C for 1.5 or 6 h (as indicated). After enzymatic treatment, medium was changed for new fresh medium and cells were subjected to the specified corresponding experimental conditions.
Cell transfections, plasmids and lentivirus
Two lentiviral vectors pTrip-CMV-Egfp-miRNA-HS3ST2 designed to inhibit HS3ST2 expression were purchased from the vectorology platform of the Brain and Spinal Cord Institute (Paris, France). Briefly, four plasmids containing different miRNAs targeting the HS3ST2 gene coding sequence were designed with the following sequences: dsOligo-miRNA1: 5 0 -TGCTGCCTTCTTCACGCCCACAATGAGTTTTGGCCA CTGACTGACTCATTGTGCGTCAAGAAAG-3 0 , 3 0 -CGGAA GAAGTGCGGGTGTTACTCAAAACCGGTGACTGACTGA GTAACACGCAGTTCTTTCGTCC-5 0 ; dsOligo-miRNA2: 5 0 -TGCTGGACTCGCCCCATCTCGCCGGCGTTTTGGCCA CTGACTGACGCTGGTGATGGGTCGTATT-3 0 , 3 0 -CCTG AGCGGGGTAGAGCGGCCGCAAAACCGGTGACTGACTG CGACCACTACCCAGCATAAGTCC-5 0 . A sequence of the GFP was also introduced in the vector for monitoring simultaneous expression. The lentiviral vector pTrip-CMV-eGFP-miRneg was used as control. For silencing experiments, SH/ hTau P301L cells (300 000) were suspended and transduced with a 1:20 dilution of a concentrated suspension of the two lentiviral vectors mixture containing 0.1 Â 10 9 physical particles/ml. Cells were then plated in 24-well plates (Nunc) and incubated for 72 h under standard conditions. Cell lysates were immunoblotted as specified above with antibodies directed to HS3ST2, pSer396, Tau-5, and anti-b-actin (Life Technologies).
Immunofluorescence
For immunofluorescence studies, cells were plated in 35-mm Petri dishes (m-Dish, Ibidi) at a density of 40 000 cells/dish following manufacturer's instructions. Differentiation, stress and any other treatments were performed as described above. For analysis, cells were washed, fixed in 100% methanol at À 20 C and washed again before been incubated with 2% donkey serum in phosphate-buffered saline (PBS) for 20 min at room temperature. Cells were then incubated for 1 h with the corresponding primary antibody at room temperature, washed and incubated with the appropriate secondary antibody for 30 min at room temperature. The antibodies used were HS4C3 (Tem Dam et al., 2006) (TH v Kuppevelt is author of the work; 1:100), tau K9JA (Dako; 1:500) or tau V-20 (Santa Cruz; 1:100). Secondary antibodies were Fluo488 donkey anti-rabbit (Interchim; 1:200), Fluo488 donkey antigoat (Interchim; 1:200), and Cy3 goat anti-mouse (Sigma; 1:200). The phage display HS4C3 antibody was revealed by an anti-VSV antibody (Sigma; 1:100). Stack images were obtained with the software CellSens from a spinning disk inverted confocal microscope (IX81 DSU Olympus, Â60 N.A. 1.35) coupled to an Orca Hamamatsu RCCD camera. Images were processed with the ImageJ software (W. Rasband, National Institute of Health).
Western blotting
For protein analysis by western blot, powdered frozen tissue or cells were suspended (100 mg of tissue/ml or 1.8 Â 10 5 cells/ ml) in an extraction buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton TM X-100, 10 mM NaF, 1 mM Na 3 VO 4 , pH 8.0) supplemented with protease and phosphatase inhibitors (Pierce). Tissue homogenates were centrifuged at 12 000 g for 15 min and the protein content in the supernatants was determined using BCA Protein Assay kit (Pierce). Samples containing 20 mg proteins were subjected to SDS-PAGE in 10% acrylamide gel. Primary antibodies for phosphorylated tau were pSer199, pSer199/pSer202, pThr231, pSer262, pSer396 (Life Technologies), AT8, AT270, PHF1, AT180, AT100 (Pierce, Thermo Scientific), and MC1 (a gift from Peter Davies); anti-total tau antibody was Tau-5 (Millipore). Other antibodies used were against HS3ST2, HS3ST4 (Clinisciences), p38, pp38, NF-B p65, pNF-B p65 (Cell Signaling technology), and anti-b-actin (Life Technologies). Corresponding secondary antibodies diluted in phosphate-buffered saline containing 1% milk were incubated for 1 h at room temperature. Blots were developed either with Immobilon Western Chemiluminiscent HRP Substrate, Luminata Forte, Luminata Crescendo (Millipore), or SuperSignal West Dura (Thermo Scientific) following manufacturer's instructions. Densitometric quantification of immunoreactivity was performed by using the ImageJ software. Hyperphosphorylated tau signals were normalized to total tau detected with the anti-Tau-5 antibody. b-Actin was used to standardize total protein load.
Fluorescence resonance energy transfer assay
Fluorescence resonance energy transfer (FRET) assays were performed as in Li et al. (2012) by using a cryptate-d2 system (CISBIO Bioassays). Briefly, cell lysates (10 ml at 2.6 mg/ml of protein) were mixed with HS4C3 antibody in 384-well plates and incubated for 20 min at room temperature. Next, cryptate-conjugated anti-VSV and d2-conjugated antitau K9JA were added to the reaction mixture following the manufacturer's instructions. After 20 min of incubation, energy transfer was measured using a TECAN Infinite 1000 spectrometer, data were processed according to manufacturer's instructions.
Tau and tau P301L phosphorylation assay
Tau phosphorylation reactions were carried out according to Hasegawa et al. (1997) with some modifications. Briefly, four different solutions containing tau at 200 mg/ml, GSK3B (Promega) at 20 mg/ml, respectively, heparin (Sigma) at 60 mg/ ml, and ATP at 250 mM, were prepared in a reaction buffer (40 mM Tris-HCl, 20 mM MgCl 2 , 0.1 mg/ml BSA, pH 7.5). The four solutions were mixed, and when necessary diluted in reaction buffer, to set reaction mixtures containing 1 mg of the tau substrate, 100 ng of the enzyme, and 50 mM ATP, in the presence or absence of 0.3 mg heparin (20 ml final reaction volume). When indicated, protein kinase A (PKA) (Sigma) was included in the reaction mixture at 3 mg/ml final concentration. Tau was either full-length recombinant human tau (Millipore) or full-length recombinant tau P301L (Interchim). The amount of tau, GSK3B and PKA used in the reactions was selected from dose response experiments with 0.5, 1.0, or 2.0 mg of tau and 50, 100, or 200 ng of enzyme. Reactions were carried out at 30 C for 3 h and stopped by cooling at À 20 C. Reaction mixtures were resolved by western blot as described above, with one or several of the following antibodies: pSer396, pSer199/ 202, AT270, PHF1, AT8, AT100, and MC1.
Kinase and phosphatase activities
The effect of heparin on the kinase and phosphatase enzymatic activities was assessed with kits for GSK3B (Promega), protein phosphatase 2A (PP2A, Promega), and PA (Abcam) by following the manufacturer's instructions. The enzymatic reactions were performed in the absence or presence of heparin at several concentrations (from 0.1 ng/ml to 100 mg/ml).
Enzyme-linked immunosorbent assays
Binding of tau, tau P301L , GSK3B, PKA, or PP2A to heparin was evaluated by ELISA as in Huynh et al. (2012) . Briefly, ELISA-type 96-well plates were coated with a 2 mg/ml bovine serum albumin (BSA) heparin conjugate solution. After washing the wells with PBS containing 0.05% Tween-20, wells were saturated with 3% BSA in PBS. Then, the tested protein (full length human tau, tau P301L , GSK3B, PKA or PP2A) was added to the plate at various concentrations and plates were incubated for 12 h at 4 C. After washing, the protein bond to heparin was revealed by the corresponding specific antibody Tau-5, anti-GSK3B (Thermofisher), anti-PKA, or anti-PP2A (Sigma) followed by a peroxidase-labelled secondary antibody. Peroxidase activity was measured by the TMB detection kit (Pierce) following fabricant instructions. For the ELISA competition assays, heparin or heparan sulphate were added to the wells at concentrations ranging from 0.01 ng/ml to 10 mg/ml following addition of the corresponding protein (tau, tau P301L , GSK3B, PKA, or PP2A) to the wells.
Zebrafish
Zebrafish were maintained in a standard zebrafish facility (Aquatic Habitats, Apopka). Developmental stages were determined as hours post fertilization (hpf) or as days post fertilization (dpf), as previously described (Kimmel et al., 1995) . Wild-type embryos were from the AB and TL strains. The Tg[HuC::hTau P301L ;DsRed] transgenic line has been previously described (Paquet et al., 2009) . All procedures involving animal handling complied with the guidelines of the French Animal Ethics Committee and were approved by the same committee under the ethics statement N : 2012-15/676-0069.
Morpholino oligonucleotides
Morpholinos MO-HS3ST2 AUG : 5 0 -GGCTTGACAGGAACCT ATATGCCAT-3 0 , MO-HS3ST2 SPL : 5 0 -AAAATTAACCTTAC CTGTACCAGTC-3 0 and mmMO-HS3ST2 AUG : 5 0 -GGCTTG ACATGAAGATATATGGTAT-3 0 , were obtained from Gene Tools. For morpholino-mediated zebrafish hs3st2 transcript inactivation, 2 nl of a 1.5 mM solution, corresponding to 3 pmol of each morpholino were injected in 1-to 2-cell stage embryos using standard protocols. Antibodies directed against pathologic tau epitopes were AT180, MC1 and AT270. AT8 and PHF1 for zebrafish experiments were kindly provided by D. Paquet. Anti-human tau antibody was purchased from DakoCytomation. Primary motor neuron morphology was analysed using the mouse monoclonal anti-synaptotagmin 1 antibody (anti-Syt1; 1/300, Hybridoma Bank).
Analysis of zebrafish behaviour
Touch-induced escape response was assessed by gently touching the tail of embryos with the tip of a fine plastic rod (Paquet et al., 2009) . Embryos were then classified as responders or non-responders.
Statistical analyses
All data are expressed as the mean AE standard error of the mean (SEM) or standard deviation (SD) as specified. P-values were generated using non-parametric t-test, Mann Whitney Utest, or ANOVA, as specified. Asterisks indicate significant differences (*P 5 0.05, **P 5 0.005, ***P 5 0.001); n.s. indicates non-significant differences.
Results
HS3ST2 is overexpressed in Alzheimer's disease brain
In a previous work, we showed that HS3ST1, HS3ST2, HS3ST3A, HS3ST3B, HS3ST4, and HS3ST5 are expressed in human elderly hippocampus (Huynh et al., 2012) . However, it is unknown whether the expression of these enzymes is altered in brain of Alzheimer's disease. To first investigate this possibility, we compared the transcript levels of all human sulphotransferases (Kreuger and Kjellén, 2012) from Alzheimer's disease hippocampus (CA1) to those from age-matched controls. We used quantitative PCR to determine levels of mRNA encoding for the four heparan sulphate N-deacetylase/N-sulphotransferases (NDST1, NDST2, NDST3 and NDST4) and for the different sulphotransferases including HS2ST, HS3STs (1, 2, 3A, 3B, 4, 5, and 6), and HS6STs (1, 2 mRNA variants 2L and 2S, and 3), as well as C-5 epimerase (GLCE) and HPSE (heparanase), two other enzymes implicated in heparan sulphate metabolism. Among the 18 analysed transcripts, expression levels of most sulphotransferases were slightly (P 5 0.05) increased in the Alzheimer's brains compared to age-matched-individuals. However, only HS3ST2 and HS3ST4 were expressed at higher significant levels (P 5 0.001), as analysed by the Mann Whitney U-test (Table 1) . Remarkably, western blot analysis of the hippocampal protein extracts showed a higher HS3ST2 expression, compared to HS3ST4, in the Alzheimer's tissue ( Supplementary Fig. 1 ). This suggests that in Alzheimer's disease, 3-O-sulphated domains in heparan sulphates are increased in brain regions in where these enzymes are expressed (Lawrence et al., 2007; Mochizuki et al., 2008) .
3-O-sulphated heparan sulphates interact with tau in cell models of tauopathy
In Alzheimer's disease, heparan sulphates accumulate in the intracellular space of neurons before the apparition of the tau pathology (Snow et al., 1990) and strongly co-stain with tau in intracellular neurofibrillary tangles during disease (Snow et al., 1990; Goedert et al., 1996; Hernandez et al., 2002) . However, under physiological conditions, these sulphated polysaccharides are located at the extracellular space, in where they exert their known biological functions (Kreuger and Kjellén, 2012; Thacker et al., 2014) . Thus, we first thought to investigate whether 3-Osulphated heparan sulphate internalization and interaction with tau can be provoked under tauopathy-associated conditions, such as oxidative stress or expression of a pathologic tau mutation. We used two cell models: (i) an oxidative stress (SH/ox) model in wild-type SH-SY5Y cells (Zhang et al., 2013) ; and (ii) a tau-mutation-dependent model in SH-SY5Y cells overexpressing the hTau P301L mutant (SH/hTau P301L ) (Ferrari et al., 2003) , which underlies FTDP-17 (Alonso Adel et al., 2004) . By using a 3-Osulphated heparan sulphate specific antibody (HS4C3) (Ten Dam et al., 2006) , we confirmed by confocal microscopy that the sulphated polysaccharide accumulates at the cell surface in wild-type and control cells ( Fig. 1A and C , and Supplementary Fig. 2) , whereas a strong intracellular immunostaining was observed in both SH/ox ( Fig. 1B and Supplementary Fig. 3 ) and SH/hTau P301L cells ( Fig. 1D and Supplementary Fig. 4A ). In SH/ox cells we observed a strong 3-O-sulphated heparan sulphate staining near the cell membrane at 10 min after the stress pulse ( Supplementary Fig. 3A ), whereas at 6 h after stress the membrane staining was strongly decreased and highly pronounced at the intracellular space ( Supplementary Fig. 3B ), suggesting a stress-driven time course internalization of the membrane-associated polysaccharides. In contrast, in SH/hTau P301L cells, the 3-O-sulphated polysaccharide was permanently and highly accumulated in the form of intracellular inclusions showing different levels of overlap with tau ( Supplementary Fig. 4A ), but nearly absent at the cell membrane. No differences in the level or distribution of chondroitin sulphates were observed in either of the cell models (not shown). The accumulation of intracellular 3-O-sulphated heparan sulphates in both SH/ox and SH/hTau P301L cells raised the question whether these sulphated polysaccharides were of membrane origin. To address this issue, we cultured SH/ox and SH/hTau P301L cells in the presence of a mixture of heparitinase I, II and III, an enzymatic cocktail that digests the heparan sulphate glycanic chains of membrane-bound heparan sulphate proteoglycan (HSPG). As expected, the heparitinases treatment strongly decreased the staining of membrane-associated heparan sulphate in control cells ( Fig. 2A) , and, surprisingly, nearly suppressed the staining of the intracellular heparan sulphate inclusions in the two cell models (Fig. 2B-D and Supplementary Fig. 4B ), suggesting that the intracellular 3-O-sulphated heparan sulphates observed in both SH/ox and SH/TauP 301L cells existed as HSPG in cell membranes before being internalized within the cells. As confocal microscopy co-localization cannot be considered as an evidence of molecular interactions, we further investigated whether the 3-O-sulphated heparan sulphates interact with tau at the molecular level by performing FRET experiments (Li et al., 2012) in SH/ox cells. We incubated cell lysates with a europium-labelled secondary antibody directed against the HS4C3 antibody and a d2-labelled anti-tau primary antibody. The FRET signal observed in the stressed cells as early as 10 min and at 6 h after the stress pulse was nearly abolished when cells were cultured in the presence of heparitinase ( Fig. 2E ), but not of chondroitinase (not shown), indicating a close interaction of 3-O-sulphated heparan sulphates with tau.
To investigate the importance of 3-O-sulphates in the interaction of heparan sulphates with tau, we performed an ELISA-based competition essay to compare the capacity of tau to bind to highly 3-O-sulphated heparan sulphates, here represented by heparin, compared to less sulphated heparan sulphates (Shriver et al., 2012) . As expected, we observed that tau binds to heparin better than to heparan sulphates ( Fig. 2F ), suggesting that increasing 3-O-sulphation levels in heparan sulphate could result in heparan sulphate increased capacity to interact with tau. Together, these results suggest that under pathological conditions, 3-O-sulphated heparan sulphates can interact with tau inside cells in where they could participate to the cellular mechanisms inducing the pathological phosphorylation of the protein.
Pathological phosphorylation of tau requires 3-O-sulphated heparan sulphates
In an attempt to understand the role of the 3-O-sulphated heparan sulphates in the abnormal hyperphosphorylation of tau, we sought to investigate whether these polysaccharides are required for tau hyperphosphorylation in both SH/ox and SH/hTau P301L cells. As western blot analysis using the Tau-5 antibody showed a higher level of total tau in the SH/hTau P301L cells compared to SH/ox cells ( Supplementary Fig. 5A ), all phosphorylated tau levels were further normalized against total tau (Tau-5). First, we confirmed that, compared to control cells, SH/ox and SH/hTau P301L cells accumulate higher levels of tau phosphorylated at Ser199 (pSer199), Thr231 (pThr231), Ser262 (pSer262), and Ser396 (pSer396), characteristic hyperphosphorylated residues in Alzheimer's disease (Steinhilb et al., 2007; Duka et al., 2013) . In the SH/ox cells, maximum pSer199, pThr231, and pSer262 levels were observed 10 min after the stress pulse, while maximum pSer396 was detected 6 h later ( Supplementary Fig.  5B ). To investigate whether heparan sulphates are required for tau hyperphosphorylation at these sites, we treated cells with sodium chlorate (NaClO 3 ), an inhibitor of the synthesis of PAPS (3 0 -phosphoadenosine 5 0 -phosphosulphate), the sulphate donor in glycosaminoglycan biosynthesis (Venkatachalam, 2003) . High NaClO 3 concentrations have shown to inhibit the formation of highly sulphated heparan sulphates under classic cell culture conditions (Safaiyan et al., 1999; Keller et al., 2008) . Here, following treatment with NaClO 3 , we observed a significant decrease in hyperphosphorylated tau accumulation, notably in SH/ ox cells (Fig. 3A ). Although this decrease was less prominently in SH/hTau P301L cells (Fig. 3B) , which required higher NaClO 3 concentrations, this suggests the involvement of sulphated glycosaminoglycans in the hyperphosphorylation event. To determine which glycosaminoglycan species are involved in this process, we incubated SH/ox and SH/Tau P301L cells with either chondroitinase ABC or heparitinase. While heparitinase digestion significantly decreased the accumulation of hyperphosphorylated tau in both SH/ ox and SH/Tau P301L cells (Fig. 3C-E) , chondroitinase treatment showed no effect ( Fig. 3C and D) , indicating that highly sulphated heparan sulphates, but not chondroitin sulphates, are required for tau hyperphosphorylation in both cell models. To investigate whether inhibiting the cellular heparan sulphates can affect the phosphorylation of other cytosolic proteins, we evaluated the phosphorylation of the subunit p65 of NF-B and of p38 in both models. No differences in the phosphorylation of these proteins were observed (Fig. 3F ). This result, as well as the 3-Osulphated heparan sulphates interaction with tau observed by FRET, suggests a specific effect of 3-O-sulphated heparan sulphates on tau. However, this effect could also be driven by altered kinases or phosphatases activities through indirect mechanisms that should be further studied. Thus, by using an ELISA assay, we compared the capacities of tau, tau P301L , GSK3B, PKA and PP2A, to bind to immobilized heparin as a prototype of 3-O-sulphated heparan sulphates. Our results show that tau and tau P301L , but not GSK3B, PKA, and PP2A, could efficiently bind to the sulphated polysaccharide (Fig. 3G) .
Together, our results suggest that highly sulphated heparan sulphates favour the abnormal phosphorylation of tau in cells in where 3-O-sulphated heparan sulphates interact with tau. To examine if 3-O-sulphated heparan sulphates directly participate to the abnormal phosphorylation of wild-type tau, we used an in vitro GSK3B-dependent tau phosphorylation reaction and examined the occurrence of phosphorylation at residues Thr181 (AT270 antibody), Ser396/Ser404 (PHF1 antibody), Ser202/Thr205 (AT8 antibody), Ser212/Ser214 (AT100), and the conformational anti-tau MC1 antibody, specific of Alzheimer's disease and other tauopathies (Cripps et al., 2006; Yoshida and Goedert 2006; Steinhilb et al., 2007; Duka et al., 2013) . We observed that the GSK3Bdependent phosphorylation at AT270, PHF1, and AT8 epitopes requires the presence of heparin in the reaction mixture (Fig. 4A) . Interestingly, the effect of heparin at the AT100 epitope required the introduction of PKA into the GSK3B reaction mixture. Under these conditions, we observed that the abnormal phosphorylation of tau at the AT100 epitope is also heparin dependent (Fig. 4B) . However, when we used the MC1 antibody, no differences were observed in western blots of reactions performed in the presence or absence of heparin with and without addition of PKA (not shown). This can be possibly due to a blotting condition-dependent loss of the tau conformation required for recognition of tau by this antibody, most classically used for histological applications. We then analysed the effect of heparin in the GSK3B-dependent phosphorylation of tau at sites Ser396 and Ser199/202, found phosphorylated at some extent in normal brain but hyperphosphorylated in case of tauopathy. We observed an increased level of phosphorylation at these sites in reactions carried out in the presence of heparin (Fig. 4C) . We then carried out the phosphorylation reaction using tau P301L instead of the wild-type tau as substrate of the phosphorylation reaction. Heparin favoured the tau P301L abnormal phosphorylation (Fig. 4D) , in agreement with the role of heparan sulphates in the abnormal phosphorylation of tau in the HS/hTau P301L model of tauopathy. Interestingly, http://brain.oxfordjournals.org/ phosphorylation reaction showed to be more efficient for tau P301L than for wild-type tau, suggesting a higher susceptibility to tau pathology when the mutation is present.
Our results suggest that implication of heparan sulphates in the abnormal phosphorylation reaction is mediated by their direct interaction with tau, and less probably by their direct interaction with kinases or phosphatases ( Fig. 3F and  G) . To reinforce this hypothesis, we investigated if heparin can modulate the enzymatic activity of GSK3B, PP2A, and AP in vitro. By using commercial kits we measured the activity of these enzymes and found that the addition of heparin at various concentrations has no modulatory effect in any of the tested enzymes (not shown), weakening the assumption of a putative role of the sulphated polysaccharides as kinase activators or phosphatase inhibitors. Nevertheless, it remains to be explored if the activities of kinases and phosphatases are altered in cells by mechanisms independent of their direct interaction with the sulphated sugars.
Together, the in vitro and the intracellular interaction of tau with heparin or heparan sulphates, as well as the effect of these interactions on the abnormal phosphorylation of tau, support the idea that intracellular 3-O-sulphated heparan sulphates could display a tau-chaperone activity critical for the abnormal phosphorylation of tau observed under pathological conditions. However, the implication of the specific 3-O-sulphation of heparan sulphates remains unclear. To explore this possibility, we investigated the effect of specifically silencing HS3ST2 expression in pathological tau phosphorylation in SH/hTau P301L cells. We used lentiviral vectors carrying miRNA designed to suppress HS3ST2 expression. Cells were transfected and monitored for pSer396 as a marker of tau hyperphosphorylation. Inhibition of HS3ST2 expression resulted in a strong decrease of pSer396 accumulation (Fig. 4E) , supporting the implication of 3-O-sulphated heparan sulphates in the tau phosphorylation event.
HS3ST2 is critical for the abnormal phosphorylation of tau in vivo
We then investigated whether HS3ST2 is critical for abnormal phosphorylation of tau in vivo. To address this issue, we used the Tg[HuC::hTau P301L ;DsRed] zebrafish transgenic line (Paquet et al., 2009 ) and morpholino-mediated inactivation of the zebrafish hs3st2. Tg[HuC:: hTau P301L ;DsRed] transgenic embryos express the human mutant Tau P301L protein under the control of the pan-neuronal HuC promoter and reproduce several characteristic features of tauopathies, including an increased accumulation of hyperphosphorylated tau in brain and spinal cord neurons, neuronal abnormalities, neuronal death and impaired motility (Paquet et al., 2009) . As expected, we detected high levels of abnormally phosphorylated tau in a large number of neurons scattered in several brain regions of 5 dpf Tg[HuC::hTau P301L ;DsRed] larvae (n = 100) ( Supplementary Fig. 6 ). By BLAST analysis of the Zv9 version of the zebrafish genome sequence, we identified a single hs3st2 gene in this species (ENSDARG000000 59616). We confirmed that zebrafish hs3st2 is composed of two exons separated by a 452 kb intron, allowing the synthesis of both translation-and splice-blocking morpholinos, which are referred to below as MO-hs3st2 AUG and MO-hs3st2 SLP , respectively ( Supplementary Fig. 7A ). RT-PCR analysis demonstrated efficient zebrafish hs3st2 splicing inhibition in Tg[HuC::hTau P301L ;DsRed] embryos after injection of 1.5 mM MO-hs3st2 SPL ( Supplementary  Fig. 7B ). As control, we used a five mismatch-containing derivative of MO-hs3st2 AUG (mmMO-hs3st2 AUG ). Tg[HuC::hTau P301L ;DsRed] embryos injected with 1.5 mM MO-hs3st2 SPL (n = 250) or MO-hs3st2 AUG (n = 250) did not show increased lethality or any visible phenotype including developmental delay when compared to non-injected controls or embryos that received 1.5 mM mmMO-hs3st2 AUG (n = 250) ( Supplementary Fig. 7C and D) . We then quantified abnormally phosphorylated tau at Thr181 (pThr181) and observed a nearly 60% decrease in the pThr181 accumulation in Tg[HuC::hTau P301L ;DsRed] embryos (n = 300) following either morpholino-mediated zebrafish hs3st2 inactivation, or treatment with LiCl, an inhibitor of tau phosphorylation used as control treatment ( Supplementary Fig. 7E ). Using fluorescence microscopy we quantified the accumulation of abnormally phosphorylated tau with antibodies AT270, AT180 (pThr231/pSer235), and AT8 in brains of 5 dpf Tg[HuC::hTau P301L ;DsRed] larvae injected or not with MO-hs3st2 SPL (n = 150). We observed a significant fluorescence decrease in all the assayed sites in the brain in zebrafish hs3st2 depleted embryos (n = 150) ( Fig. 5) . Accordingly, we observed a strong decreased accumulation of AT270, AT180, PHF1, and AT8 epitopes ( Fig. 6 ) and of the conformational antibody MC1 ( Supplementary Fig. 8 ) in the spinal cord neurons of the 2 dpf zebrafish hs3st2-depleted Tg[HuC::hTau P301L ;DsRed] larvae injected with MO-sh3st2 SPL (n = 150). These results confirm that 3-O-sulphated heparan sulphates play a key role in abnormal phosphorylation of tau in tauopathy in vivo.
Hs3st2 depletion rescues Tau P301L induced functional defects
Because 2 dpf Tg[HuC::hTau P301L ;DsRed] larvae display reduced motor neuronal axon branching and elongation and, as a likely consequence, an impaired escape response to touch stimuli (Paquet et al., 2009) , this line provides us with a tool to further investigate in vivo the relationship between 3-O-sulphated heparan sulphates, tau abnormal phosphorylation and neuronal pathophysiology. First, we analysed motor neuronal axon morphology using the anti-syt1, antibody that specifically recognizes synaptotagmin 1, a synaptic protein expressed in primary motor neurons (Trevarrow et al., 1990; Fox and Sanes, 2007) . As previously described (Paquet et al., 2009) , we observed that motor neuronal axons were morphologically altered in the Tg[HuC::hTau P301L ;DsRed] embryos, whereas morphology was partially recovered after zebrafish hs3st2 depletion ( Fig. 7A) . We then measured the length of outgrowing axons of the four caudal primary motor neurons immediately anterior to the end of the yolk extension. As expected, the mean length of motor neuronal axons was markedly reduced in 48 hpf Tg[HuC::hTau P301L ;DsRed] embryos when compared to that observed in their non-transgenic siblings (Paquet et al., 2009 ) However, after zebrafish hs3st2 depletion, the mean length of motor neuronal axons was significantly increased in Tg[HuC::hTau P301L ;DsRed] embryos to nearly normal length (n = 25; P 5 0.005) (Fig. 7B ). We next sought to investigate whether zebrafish hs3st2 depletion can rescue, at least partially, the motility defects observed in Tg[HuC::hTau P301L ;DsRed] zebrafish larvae (Paquet et al., 2009 ). Following injection of 1.5 mM MO-hs3st2 SPL , the escape response to touch stimulus in Tg[HuC::hTau P301L ;DsRed] larvae was significantly increased to near levels measured in non-transgenic siblings (n = 150; P 5 0.005) (Fig. 7C) . Collectively, these results provide functional evidence supporting the essential involvement of 3-O-sulphated heparan sulphates in tau neuropathology in vivo.
Discussion
We show that HS3ST2 is overexpressed in the hippocampus of patients with Alzheimer's disease and that intracellular 3-O-sulphated heparan sulphates are critical for the abnormal phosphorylation of both wild-type tau and tau carrying the P301L mutation in cells and in a zebrafish model of tauopathy. Although the occurrence of the intracellular accumulation of heparan sulphates long before the development of the tau pathology was known in neurons of patients with Alzheimer's disease and those with Down's syndrome for several years (Snow et al., 1990; Goedert et al., 1996) , the mechanisms, biological significance, and pathophysiological consequences of this event remain unknown. Similarly, although HS3ST2 expression occurs in neurons of brain regions vulnerable to Alzheimer's disease, the involvement of neuronal 3-O-sulphated heparan sulphates and of their 3-O-sulphotransferase synthetizing enzymes in the mechanisms leading to tau pathology had never been investigated. Here, we show that under pathology-associated conditions, such as hTau P301L expression or oxidative stress, membrane-associated heparan sulphate uptake occurs concomitantly with tau hyperphosphorylation, delineating a link between membrane biology, heparan sulphate biology, and tau pathology. This link is supported by several observations associating HSPG with altered-membrane biology in Alzheimer's disease, for instance: (i) the intracellular co-staining of membrane-associated HSPG, but not of secreted HSPGs, with neurofibrillary tangles in Alzheimer's disease (van Horssen et al., 2003) ; (ii) the heparan sulphate-dependent endocytosis of amyloid-b oligomers (Sandwall et al., 2010) , tau fibrils (Holmes et al., 2013) , apolipoprotein-E (Wilsie et al., 2006) , and other proteins for which heparan sulphates are cell-surface endocytic receptors (Christianson and Belting, 2014) ; (iii) the relevance in lipid rafts of HSPG, which act as molecular mediators of raft-dependent endocytosis (Chen and Williams, 2013) ; (iv) the heparan sulphates capacity to interact and regulate the activity of membraneassociated enzymes involved in Alzheimer's disease such as the raftophilic b-secretase (Patey et al., 2006) . Moreover, the 3-O-sulphated heparan sulphates requirement for HSV1 uptake by neuronal cells (O'Donnell et al., 2006; Antoine et al., 2014) supports the existence of the proposed synergy between HSV1 infection and Alzheimer's disease pathology (Carter, 2008) . Finally, the central importance of an altered neuronal membrane biology in Alzheimer's disease (Williamson and Sutherland, 2011) is strongly supported by the striking observation that most, if not all, Alzheimer's disease associated loci identified by genome-wide association studies (GWAS) including ABCA7, MS4A6A/MS4A4E, EPHA1, CD33, CD2AP, CLU, PICALM, CR1, BIN1, and SNORA7A (Hollingworth et al., 2011) , are most of them, as APP, PSEN1, and PSEN2, genetic variants of membrane-associated proteins. Whether these genetic variants, as well as an altered tau biology (Stamer et al, 2002; Ke et al, 2012) , can provoke cell-membrane alterations allowing increased heparan sulphate internalization, are important points that remain to be explored.
Concerning the implication of intracellular heparan sulphates in the molecular mechanisms leading to the abnormal phosphorylation of tau, our data suggest that the 3-O-sulphated glycosaminoglycans bind to tau in a molecular chaperon-like manner allowing the tau abnormal phosphorylation. This hypothesis is supported by previous 1 H NMR (proton nuclear magnetic resonance) and biochemical cross-linking studies showing that heparin readily induces conformational changes in tau allowing the access of different kinases to epitopes otherwise inaccessible for phosphorylation (Paudel and Li, 1999; Sibille et al., 2006) , and further supported by our immunostaining, FRET and phosphorylation data, as well as by the intracellular accumulation of heparan sulphates observed previous to the apparition of the tau pathology in neuronal cells of Alzheimer's disease and Down's syndrome (Snow el al., 1990; Goedert et al., 1996) . Furthermore, as the 3-Osulphated heparan sulphates prompt the abnormal phosphorylation of both tau and tau P301L , the enhanced effect observed on tau P301L could be associated with the presence of the tau mutation (Alonso Adel et al., 2004) . Thus, the higher susceptibility of tau P301L to undergo heparin-dependent abnormal phosphorylation can explain the effect of inhibiting HS3ST2 expression in SH/hTau P301L cells and of hs3st2 in Tg[HuC::hTau P301L ; DsRed] zebrafish embryos, in which the levels of hs3st2 transcripts were found unchanged compared to those observed in control embryo (not shown).
Whether the central role of the abnormal phosphorylation of tau in the Alzheimer's disease neurodegenerative process is still controverted, the possibility of a correlation between genetic variability in membrane associated-proteins, or between altered tau biology, with heparan sulphate internalization and interaction with tau, requires to be considered. This additionally raises questions concerning the intracellular association of different species of glycosaminoglycans with other intracellular heparin-binding proteins, such as -synuclein and superoxide dismutase, proteins involved in important neurodegenerative diseases. Indeed, as for neurofibrillary tangles, sulphated glycosaminoglycans generally co-localize with amyloidosis lesions, including -synucleinopathies and prion diseases (Zhang and Li, 2010) , suggesting the existence of common events in the mechanisms involving the sulphated sugars in proteinopathies. In conclusion, our results position intracellular 3-O-sulphated heparan sulphates, and the enzymes responsible of their high sulphation in neurons, as central modulators of tau abnormal phosphorylation before it occurs. This opens a wide area of research in the field of glyco-neurobiology, positioning HS3ST2 and its products as potential key players in the development and evolution of the tau pathology, with the therapeutic consequences that this implies. 
